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Many of the world’s shark populations are in decline, indicating the need for improved
conservation and management. Well managed and appropriately located marine parks and
marine protected areas (MPAs) have potential to enhance shark conservation by restricting
fisheries and protecting suitable habitat for threatened shark populations. Here, we used
shark occurrence records collected by commercial fisheries to determine suitable habitat
for pelagic sharks within the Australian continental Exclusive Economic Zone (EEZ), and to
quantify the amount of suitable habitat contained within existing MPAs. We developed
generalised linear models using proportional occurrences of pelagic sharks for three
families: Alopiidae (thresher), Carcharhinidae (requiem), and Lamnidae (mackerel) sharks.
We also considered aggregated species from the Lamnidae and Carcharhinidae families
(‘combined sharks’ in the models). Using a set of environmental predictors known to affect
shark occurrence, including chlorophyll-a concentration, salinity, sea surface temperature,
and turbidity, as well as geomorphological, geophysical, and sedimentary parameters, we
found that models including sea surface temperature and turbidity were ranked highest in
their ability to predict shark distributions. We used these results to predict geographic
regions where habitat was most suitable for pelagic sharks within the Australian EEZ, and
our results revealed that suitable habitat was limited in no-take zones within MPAs. For all
shark groupings, suitable habitats were found mostly at locations exposed to fishing
pressure, potentially increasing the vulnerability of the pelagic shark species considered.
Our predictive models provide a foundation for future spatial planning and shark man-
agement, suggesting that strong fisheries management in addition to MPAs is necessary for
pelagic shark conservation.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC
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Suitable pelagic shark habitat within the Australian continental EEZ occurs predominantly outside marine protected areas
(MPAs), or within MPAs in areas where fishing is allowed, highlighting a lack of protection of suitable habitats and potentially
hindering shark conservation efforts.
2. Introduction
Sharks are globally threatened due to overexploitation, and efficient management is now critical to their conservation
(Davidson and Dulvy, 2017). Many shark species have direct high economic value, with global revenues estimated at over US $
800 million for fisheries (Dulvy et al., 2017) and US $ 314 million for ecotourism (Cisneros-Montemayor et al., 2013). In
addition, as top predators, sharks have a profound impact on ecosystem functioning and stability (Ferretti et al., 2010;
Hammerschlag et al., 2019). Nevertheless, 17.4% of chondrichthyan (sharks, rays and chimaeras) species are estimated to be
threatened with extinction, with 15.9% of shark species categorised as ‘Threatened’ and another 20.1% of shark species cat-
egorised as ‘Data Deficient’ by the International Union for Conservation of Nature (IUCN; Dulvy et al., 2014). Many shark
species are particularly vulnerable to overexploitation because of their slow growth, late age at maturity, and low fecundity
(Cortes, 2000; Garcia et al., 2008), suggesting that effective fisheries management is likely to be essential if viable populations
are to be maintained. Because sharks connect habitats and ecosystems by transferring energy through food webs, potentially
shapingmarine communities over large spatial scales (Ferretti et al., 2010; Heupel et al., 2015), and affect fundamental aspects
of ecosystem function (Heupel et al., 2014; Roff et al., 2016; Dulvy et al., 2017), a better understanding of their habitat re-
quirements, population status and distribution is critical for their protection and management.
Although the primary purpose of marine protected areas (MPAs) is the protection of biodiversity and the marine envi-
ronment (Barr and Possingham, 2013) to meet the needs of a wide range of stakeholders, well-managed MPAs can assist in
protecting shark populations (Edgar et al., 2014). Depending on multiple-use management arrangements, a variety of ac-
tivities are often permitted in MPAs, and can include tourism, fishing, mining and scientific research (Day, 2002; Barr and
Possingham, 2013). MPAs may also include no-take areas. Such areas, being free from all extractive activities, including
fishing (Roberts et al., 2018), offer the highest level of protection for fish species including sharks (Zupan et al., 2018). As the
foremost threat to shark populations is fishing (Dulvy et al., 2014), well enforced and large no-take MPAs that include suitable
shark habitat could provide important protection for shark populations, including those with broad geographic ranges (Edgar
et al., 2014; Davidson and Dulvy, 2017).
Pelagic sharks can range over large geographic areas (Rogers et al., 2015) and information exists on their distribution
patterns and habitat use over large spatial scales in the Pacific (e.g., Block et al., 2011; Musyl et al., 2011; Carreon-Zapiain et al.,
2018), Atlantic (e.g., Casey and Kohler, 1992; Queiroz et al., 2016; Coelho et al., 2017) and Indian Oceans (e.g., Rogers et al.,
2015; Coelho et al., 2017), as well as globally (Queiroz, 2019). In Australia, most studies of shark distributions have been
conducted in nearshore waters, with the majority of research on pelagic species focussed on tagged shark movements or
fisheries catch data in localised areas (e.g., Pepperell, 1992; Pillans et al., 2010; Heard et al., 2017). However, sharks comprise
approximately 27% of the total catch by number in Australian pelagic longline fisheries (Gilman et al., 2008). To understand
and effectively manage pelagic shark populations it is important to investigate their habitat use and distribution on a con-
tinental scale.
In Australia, MPAs were first established over 80 years ago (Barr and Possingham, 2013) and have expanded since then to
become one of the largest MPA networks in the world (Devillers et al., 2015). However, a recent revision of zoning in Australia
has led to a 54% decrease in the total no-take areawithin redefined MPAs (Buxton and Cochrane, 2016). Here, we use existing
fisheries data to assess habitat suitability for a suite of pelagic sharks across the entire Australian continental Exclusive
Economic Zone (EEZ), which extends up to 200 nautical miles offshore and covers an area of approximately 7,000,000 km2
including coastal waters and the inshore Territorial Sea (Huang et al., 2014). This study area spans a latitudinal range of
5000 km from tropical (9S) to temperate (47S) latitudes (Butler et al., 2010) with marked differences in temperature, and a
longitudinal range of 109E to 163E comprising a variety of geomorphologic features and habitats, with unique biodiversity
in ecosystems ranging from coastal areas to abyssal zones (Huang et al., 2011). Our analyses examine the extent of Australia’s
continental MPAs protecting suitable pelagic shark habitat within the EEZ, and provide insights into the overlap of current
MPAs, including no-take zones, with respect to predicted suitable habitat for pelagic sharks.
3. Methods
3.1. Shark occurrence data and environmental predictors
We analysed occurrence records of 4339 sharks from 8 species of 3 families (Table S1) available through the online
database Global Biodiversity Information Facility (Larcombe, 2017) from the Bureau of Rural Sciences National Commercial
Fisheries dataset. These data were compiled from logbooks and commercial fisher returns for the years 2000, 2001 and 2002,
and included catch location (latitude and longitude) and species composition (Larcombe et al., 2006). Catch records primarily
represented offshore fishing effort in Commonwealth managed fisheries and sharks were primarily caught using commercial
longlines (Gilman et al., 2008). Pelagic sharks comprised 43% of the total shark catch, dominated by requiem sharks
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(Carcharhinus longimanus, 19% of pelagic catch) being the most commonly caught species in this group. Mackerel sharks
(Lamnidae), predominantly IUCN classified ‘Endangered’ shortfinmako sharks (Isurus oxyrinchus), made up 31% of the pelagic
catch, with the remainder comprising thresher sharks (Alopiidae, 8%). We focused our analysis on the 3 pelagic shark families
that had sufficient occurrence data for statistical analysis (Table S1) and an additional grouping (‘combined sharks’) including
all species from the mackerel and requiem families (Table S1). As a response variable, we used the probability of success in
catching a shark, i.e. the number of sharks encountered in each grid-cell divided by the number of boats occurring in the same
grid-cell (hereafter referred to as the probability of occurrence; Benejam et al., 2010). Fishing effort, measured as the number
of commercial fishing boats using gear that could catch pelagic sharks within each 9 km  9 km grid cell (the highest res-
olution currently available for all predictors), was made available by the Australian Bureau of Agricultural and Resource
Economics and Sciences (ABARES; Fig.1). To account for the bias in fishing effort across the entire EEZ, we randomly generated
1000 sets of pseudo-absences within the grid-cells where no fishing effort was recorded, with the number of pseudo-
absences in each set equal to the number of presences of each shark family group (following Barbet-Massin et al., 2012).
We did this by using the simple random sampling without replacement function srswor () from the sampling package (Tille
and Matei, 2016Tille and Matei, 2016) in R statistical software (R Core Team, 2017). We then used these sets iteratively to
ensure the modelling results were not biased by our pseudo-absence selection.
We collated environmental and spatial predictors (Table S2) known to affect shark occurrence (Schlaff et al., 2014). These
included satellite-derived chlorophyll-a concentration (chl-a), shown to be an important predictor for pelagic shark occur-
rence in previous studies (Block et al., 2011; Carvalho et al., 2011) (but see Hutchinson et al., 2019); sea surface temperature
(SST) known to influence the occurrence of requiem (Tolotti et al., 2015; Hueter et al., 2018) (but see Stevens et al., 2010), and
mackerel sharks (Rogers et al., 2015); and turbidity, caused by physical processes causing suspended sediments (e.g. sand and
sediment runoff) inshore (Moore,1977; Jennings and Kaiser, 1998), and patchily distributed plankton (included in our models
using the proxy chl-a) in offshore waters (Martin, 2003), shown to affect mackerel and requiem shark catches in South Africa
(Wintner and Kerwath, 2018). All environmental variables were available via the Marine Geospatial Ecology Tool (Roberts
et al., 2010). We included salinity (downloaded from National Oceanic and Atmospheric Administration, 2016) in our
models because most shark species have a narrow tolerance range (Carrier et al., 2004). We also included geophysical (depth,
distance to shore and bathymetric slope; downloaded from MARSPEC; Sbrocco, 2013) and geomorphological parameters
(reef, seamount, and canyon; available from Australian Government, 2017) which represent ecologically important habitats
for mackerel sharks in Australianwaters (Rogers et al., 2015), and sediment characteristics (i.e., percentage of carbonate, sandFig. 1. Spatial representation of fishing effort in the Australian EEZ including location and number of commercial fishing boats per year from 2000 to 2002 and by
fisheries method: (a) line fishery boats (min: 2.5, max: 157), (b) other fishery boats (min: 2.5, max: 43), and (c) both methods combined (min: 2.5, max: 160.5).
Sharks were caught using mainly bottom-set and pelagic longlines (more detailed data unavailable). Hooks and lines were used, including hand operated and
mechanised handlines and pole-lines, set and drifting longlines, trolling and vertical drop lines.
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within the study period and at the extent at which the predictors were available using ArcGIS 10.3 (ESRI, 2014). We assessed
collinearity between predictors using variance inflation factors through the VIF function from the package car in R statistical
software (Fox andWeisberg, 2011). We assessed spatial autocorrelation in occurrences as a function of distance between grid
cells based on Moran’s I (Diggle and Ribeiro, 2007). To stabilise parameter estimation we standardised all predictors to z-
scores (Zuur et al., 2007) using the scale function in R (R Core Team, 2017) before inclusion in the models (James et al., 2015).
3.2. Modelling of habitat suitability
We developed generalised linear models with binomial distributed response for the ith grid-cell within the region
considered (Oi; based on the probability of success in finding a shark according to fishing effort, i.e. number of Boatsi trials)
with a logit link function for each of the three pelagic shark families and for the group of combined sharks (Table S1). To
account for differing amounts of effort in datasets due to unbalanced fishing effort within the entire EEZ, we included effort
(i.e. number of Boats; Fig.1) as amodel weight. Ourmodel structure can be represented as shown below, where a is themodel




logitðpiÞ¼ log 1 pi
¼aþ
j¼1
bjXjiOur model set included several combinations of the environmental and spatial predictors in line with our hypotheses
(Table 1). We hypothesised that chl-a and SST would influence shark occurrence and expected to find pelagic sharks offshore
in less turbid waters. We also hypothesised salinity would limit these species to higher and more stable salinities offshore
(Hammerschlag, 2006; Bernal et al., 2012) due to the high cost of osmoregulation (Pang et al., 1977), and that geophysical and
geomorphological parameters would influence shark occurrence in different locations rather than sediment characteristics.
To account for potential preferential ranges for depth and SST, we included quadratic terms for these predictors using the
poly () function from the stats package in R statistical software (R Core Team, 2017). We used the Akaike’s information criteria
corrected for small sample size (AICc) to assign relative strengths to candidate models (Burnham et al., 2011) and its weight
(wAICc) to compare eachmodel’s performance.We used the percentage of deviance explained (% DE) to quantify goodness-of-
fit for each model, and then predicted shark habitat suitability using the predict () function from the stats package in RTable 1
Summary of generalised linear models relating the probability of shark occurrence to ecological predictors, Chl-a: concentration of chlorophyll-a, Depth:
depth of the seafloor, Distance: distance from the center of grid cell to shore, Geo: geomorphology including canyon, reef and seamount, Null: intercept-only
model, Sal: salinity, Sed: sediment variables including percent carbonate, gravel and sand, Slope: bathymetric slope, SST: sea surface temperature, Turb: the
coefficient of light attenuation at 490 nm; shown for each model are the mean weight of the Akaike’s information criterion corrected for small sample sizes
(wAICc; SD lower than 0.01 for all model iterations) and mean percentage of deviance explained (% DE, SD lower than 0.16% for all model iterations).
Model Thresher Requiem Mackerel Requiem and
mackerel families
Combined
wAICC % DE wAICC % DE wAICC % DE wAICC % DE
Evaluation
1. Sed e 10.08 e 24.52 e 27.08 e 28.82
2. SST2 þ chl-a e 13.13 0.003 28.54 e 32.54 0.001 34.73
3. Factor(Geo) e 0.93 e 0.29 e 0.75 e 0.49
4. Sal þ Turb e 8.98 e 30.65 e 34.39 0.013 37.82
5. SST2 þ Turb 1 17.14 0.996 31.64 1 36.13 0.986 38.49
6. SST2 þ Depth2 e 11.57 e 22.77 e 28.99 e 28.31
7. Slope þ Distance e 10.10 e 20.05 e 27.32 e 26.93
8. Null e e e 0 e e e 0
Table 2
Results of the 10-fold cross-validation of binomial generalised linear models for all shark groupings, we iterated the cross-validation 1000 times and
compared the predicted and observed values based on the Pearson’s R for each iteration of the cross-validation procedure, after removal of outliers more
than 3 SD from the mean (SD shown in parentheses).
Thresher Requiem Mackerel Requiem and mackerel families
Combined
Mean 0.14 (0.12) 0.4 (0.07) 0.49 (0.1) 0.43 (0.12)
Minimum 0 0.2 0.19 0.2
Maximum 0.34 0.62 0.81 0.79
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model based on the wAICc results (Araújo and New, 2006). We used a 10-fold cross-validation (Mosteller and Tukey, 1968),
iterated 1000 times to validate the predictions, and then compared the predicted and observed values based on the Pearson’s
R for each iteration cross-validation procedure (Table 2). The resulting predicted values for shark habitat suitability (ranging
between 0 and 1) were grouped into the following 3 categories: low suitability < 0.3, 0.3  suitable < 0.6, and high
suitability  0.6.
3.3. Level of protection within MPAs
Internationally, MPAs may be entirely or partly assigned to any of the 6 IUCN zoning categories (Fig. 3, Table S3). These
IUCN zones range in levels of protection, with zones I and II prohibiting extractive activities (e.g., fishing), zone III protecting
natural features (e.g., seamounts), zone IV allowing extraction (including fishing) but with restrictions on some activities such
as dredging (Dudley, 2008), and zones V and VI allowing sustainable harvesting of fish, corals and mineral resources. In
Australia, zones I and II are matched with no-take areas where fishing (both commercial and recreational) is not permitted,
but some fishing is allowed in zones III through to VI (Barr and Possingham, 2013). We obtained MPA boundaries and zonings
for the Australian EEZ from the Australian Government (2015) and then used ArcGIS 10.3 to overlay the zones on our pre-
dictions of habitat suitability for the species of sharks included in our study. We then calculated the number of grid cells
within each IUCN zone for each habitat category (i.e. low suitability, suitable, high suitability).
4. Results
Our results showed highest support (wAICc  0.89) for the model including SST and turbidity (model 5) as predictors of
shark occurrence for all shark groupings (Table 1). The percentage of deviance explained by this model was highest for our
combined group of species (38.49%), followed bymackerel (36.13%), requiem (31.64%), and lowest for thresher (17.14%) sharks.
The models with salinity and turbidity (model 4), and SST and chlorophyll-a (model 2) also explained a large percentage of
deviance for combined (37.82% and 34.73%, respectively), mackerel (34.39% and 32.54%) and requiem (30.65% and 28.54%)
sharks, with a negative correlation found between chlorophyll-a and shark occurrence across all shark groupings in our study.
Values of variance inflation factors were below the a priori cut-off of 3 (Zuur et al., 2010) for all models and only minor spatial
structuring (Moran’s I < 0.3) was found in themodels’ residuals. Our cross-validation results were highest for mackerel sharks
with a Pearson’s R [SD] value of 0.49 [0.1], followed by combined (0.43 [0.12]), and requiem (0.40 [0.07]), and were lowest for
thresher sharks (0.14 [0.12]) (Table 2). We therefore, did not consider the thresher shark dataset in any further analysis.
We found only a small percentage of the Australian EEZ contained habitat in the highest suitability class (0.6e1) for
requiem and mackerel (only 3% for both groups, corresponding to ca. 210,000 km2), and combined sharks (4%, i.e. ca.
280,000 km2), even though the amount of habitat protected in Australian waters increased between the time of collection of
the shark catch data (2000e2002) and the marine park rezoning (2016; Roberts et al., 2018). Regions where habitat was
predicted in this highest suitability class varied by family, with southern Australia being highly suitable for mackerel and
combined sharks, and north-eastern Australia for requiem sharks (Fig. 2). Overlaying MPA zoning on our habitat predictions,
we found that only 1% (i.e. ca. 70,000 km2) of highly suitable habitat for each of mackerel, requiem and combined sharks
within MPA zones. This high suitability area was mostly in unprotected areas and that occurring inside MPA was always in
areas open to fishing (i.e. IUCN zone IV).
Within the Australian EEZ, habitat classed as suitable (i.e. predicted habitat suitability 0.3e0.59) encompassed the largest
area for the combined grouping of sharks (19% of the entire continental EEZ; i.e. ca.1,330,000 km2), followed by requiem (17%;
i.e. ca. 1,190,000 km2), and mackerel sharks (16%; i.e. ca. 1,120,000 km2). Southern and south-western Australia included
suitable habitat for mackerel and combined sharks, with north-eastern Australia also providing suitable habitat for combined
and requiem sharks (Fig. 2). The area of suitable habitat within the EEZ that included protection from fishing (IUCN zone II)
equated to 0.2% of the total EEZ for combined and requiem sharks (i.e. ca. 2637 km2) and 0.1% (i.e. ca. 1164 km2) for mackerel
sharks. The remainder of the region (77% for combined, 80% for requiem, and 81% for mackerel sharks) therefore included low
suitability habitat (0.29) for all shark groupings.
5. Discussion
Fisheries management is required for the effective conservation of shark populations and MPAs can be of assistance,
especially for threatened species such as the oceanic whitetip (requiem family) and mako sharks (mackerel family) (Dulvy
et al., 2008). Using Australia as a case study, we found that most Australian continental MPAs primarily include habitat of
low suitability for these pelagic sharks, and that available highly suitable habitat is relatively unprotected, being located in
areas where fishing is allowed. Our results highlight that Australian MPAs are unlikely to contribute significantly to pelagic
shark conservation and, importantly, that species globally classified as ‘Endangered’ or ‘Vulnerable to extinction’ by the IUCN
(see Table S1) are exposed to commercial and recreational fishing, bothwithin and outside AustralianMPAs.Weakly regulated
MPAs have been shown to be ecologically similar to unprotected areas (Zupan et al., 2018), and therefore, protection of highly
suitable habitat in no-take MPAs is needed to promote shark conservation, as well as to support sustainable fisheries
(Kerwath et al., 2013).
Fig. 2. Predicted habitat suitability within the Australian EEZ for 9  9 km grid cells for: (a) requiem (Mean: 0e0.77, SE: 0e0.04), (b) mackerel (Mean: 0e0.87, SE:
0e0.04) and (c) combined (Mean: 0e0.8; SE: 0e0.03) sharks, with probability of occurrence (open circles) of sharks used as inputs in generalised linear models.
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Fig. 3. International Union for Conservation of Nature (IUCN) protected area management categories and locations of marine protected areas within the
Australian Exclusive Economic Zone.
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southern, north-eastern and, to a lesser extent, the south-western coast of Australia, which is in agreement with existing
knowledge on the distribution and occurrence of these species (e.g. Simpfendorfer et al., 2002; Last and Stevens, 2009; Rogers
et al., 2015; Coelho et al., 2017; Corrigan et al., 2018). The model based on sea surface temperature and turbidity was ranked
highest for all the shark groups we considered. Temperature may be an important determinant of habitat suitability because
sharks, with the exception of mackerel sharks, are ectotherms (Bernal et al., 2012). In Australian waters, pelagic sharks have
been recorded regulating their depth in ways that suggest they occupy regions of favourable temperatures, although this
behaviour could also be related to prey movements (Rogers et al., 2009; Stevens et al., 2010; Heard et al., 2017). It is not
possible tomeasure the temperature of the sea below the surface from satellites, but the effect of sea surface temperaturewas
nevertheless an important variable determining the distribution of our combined sharks category, which included many
wide-ranging pelagic species known to aggregate along particular temperature gradients (e.g. blue sharks and oceanic
whitetip sharks, both species from the requiem family; Queiroz et al., 2016). Turbidity was also in the highest ranked model
alongside temperature. As expected, we found a negative correlation between the probability of occurrence of pelagic sharks
and turbidity highlighting their absence inmore turbid nearshore areas, and affinity for offshore areas with low turbidity. This
affinity of pelagic sharks for clear-water may be due to a relatively high reliance on vision for hunting active, fast-moving prey
species (Lisney and Collin, 2007) when compared to coastal shark species (Lisney et al., 2012). Interestingly, the model
including SST and chlorophyll-a concentration (which was highly correlated with turbidity) also explained a large amount of
deviance for some shark families additionally indicating a negative correlation between shark occurrence and chlorophyll-a.
This negative correlation aligns with previous studies in Australian waters where blue (requiem family) sharks ranged across
areas of both high and low chlorophyll-a concentrations (Stevens et al., 2010), and shortfin mako (mackerel family) sharks
utilised areas with low chlorophyll-a concentrations (Rogers et al., 2015). These findings may be partly explained by a deep
chlorophyll maximum layer forming in oligotrophic oceanic waters (Cullen, 1992) at depths between 60 m and 100 m off
Australia (Gibbs, 2000; Parslow et al., 2001; Moore et al., 2007). This layer provides foraging areas for pelagic fishes (Childers
et al., 2011) and may be present even when chlorophyll and other nutrients appear to be depleted near the surface and not
observed in satellite-based imagery (Hutchinson et al., 2019).
Our findings suggest strong fisheries management is needed to supplement MPAs for the protection of pelagic shark
species. Although Australian MPAs were established to conserve biodiversity based on habitat designation, and deep pelagic
waters are generally not biodiversity hotspots, extension of MPAs to include adjacent pelagic areas can be crucial to protect
C.A. Birkmanis et al. / Global Ecology and Conservation 21 (2020) e008628migratory species, such pelagic sharks with concerning IUCN conservation status. Although pelagic sharks inhabit very large
geographic areaswith complexmovement and spatial distribution patterns (Carvalho et al., 2018), individuals may have some
degree of residence in comparatively small geographic areas for extended periods of time (Rogers et al., 2015; Corrigan et al.,
2018; Nasby-Lucas et al., 2019). This can be the case, for example, while foraging in core areas within national EEZs (Bird et al.,
2018; Francis et al., 2019). As such, MPAs located in these ecologically relevant provisioning areas (Bird et al., 2018), as well as
at aggregation sites and along migration corridors (Boerder et al., 2019), would be beneficial to the conservation of these
sharks. However, as MPAs serve a variety of different objectives, not all biological (Giakoumi et al., 2018), they are often
established in areas residual to extractive activities (Devillers et al., 2015).
While MPAs in Australian waters are not contributing significantly to shark conservation, Australia has strict fisheries
legislation protecting pelagic sharks, including listing some species as no-take (Woodhams and Harte, 2018; Commonwealth
of Australia, 2019). However, as pelagic sharks range over large geographic areas and are capable of crossing international
boundaries, these migratory species may be vulnerable in other waters due to a lack of management throughout their ranges.
As such, in countries where shark quotas are unregulated and shark fisheries not well managed, MPAs could be critical for
pelagic shark conservation, especially if such refugia can be shown to have significant protective effects on these species. This
study provides a foundation for future research by providing a basis for spatial planning and conservation management to
predict habitat of high conservation value for pelagic sharks. Studies such as this, using remotely-sensed environmental
information and occurrence data from fisheries over a large spatial scale, are important for effective spatial management
planning, especially for pelagic species with broad geographic ranges. With sea surface temperature a strong driver of shark
distribution across all families analysed, future changes in sea temperature will likely shift distribution and locations of
suitable habitat (Chin et al., 2010; Lezama-Ochoa et al., 2016). These changes need to be explored, not least because climate
change may alter the way in which MPAs need to be managed if they are to meet the needs of all stakeholders. However,
analyses such as the one we present here need to be used with caution when using smaller datasets over large areas. For
instance, our model validation was weak for thresher sharks, possibly due to a lack of data over such a large spatial scale.
Broad-scale studies are required for pelagic species and effective management is urgently needed for the globally threatened
shark species in our study, such as oceanic whitetip, porbeagle and ‘Endangered’ mako sharks, as well as heavily fished
species such as blue sharks (Gilman et al., 2008; Sims et al., 2018; Queiroz, 2019). In conclusion, a multi-prongedmanagement
approach combining MPAs with fishery-based catch and effort restrictions may provide the most comprehensive conser-
vation approach (Boerder et al., 2019).
Article impact statement
Suitable pelagic shark habitat within the Australian EEZ is mostly unprotected and improved marine protected areas
should be supplemented with robust fisheries management of pelagic shark species.
Declaration of competing interest
We have no conflicts of interest to disclose.
Acknowledgements
C.A.B. was supported by an Australian Postgraduate Award/Research Training Scheme scholarship, UWA top-up scholar-
ship, relocation allowance and a Robson and Robertson Award from the Jock Clough Marine Foundation. A.M.M.S. was
supported by an ARC grant DE170100841 and research funds from Australian Institute of Marine Science (AIMS). We thank R.
Summerson for assistance with accessing the fisheries data and acknowledge Australian Bureau of Agricultural and Resource
Economics and Sciences (ABARES) as the source of the fisheries data, originally supplied by Australian Fisheries Management
Authority (AFMA) and state fisheries management agencies. We thank R. Pitcher for earlier discussions and access to envi-
ronmental data and C. Donohue for statistical discussions.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.gecco.2019.e00862.
References
Araújo, M.B., New, M., 2006. Ensemble forecasting of species distributions. Trends Ecol. Evol. 22, 42e47.
Australian Government, 2006. Sedimentary features of the Australian EEZ. Available from: https://data.gov.au/dataset/f137a47d-421f-45ce-84e0-
64f0bf66923e. (Accessed 18 January 2017).
Australian Government, 2015. Geoscience Australia. Available from: https://www.data.gov.au/dataset/commonwealth-seas-and-submerged-lands-act-
1973-epoch-amb2014a-wms. (Accessed 21 January 2016).
Australian Government, 2017. Geomorphic features of Australia’s marine jurisdiction WMS. Available from: https://data.gov.au/dataset/dbd23d94-0364-
429f-b12b-59582927c1f7. (Accessed 17 January 2017).
Barbet-Massin, M., Jiguet, F., Albert, C.H., Thuiller, W., 2012. Selecting pseudo-absences for species distribution models: how, where and how many?
Methods Ecol. Evol. 3, 327e338.
C.A. Birkmanis et al. / Global Ecology and Conservation 21 (2020) e00862 9Barr, L.M., Possingham, H.P., 2013. Are outcomes matching policy commitments in Australian marine conservation planning? Mar. Policy 42, 39e48. https://
doi.org/10.1016/j.marpol.2013.01.012. Elsevier. Available from:
Benejam, L., Angermeier, P.L., Munne, A., Garcia-Berthou, E., 2010. Assessing effects of water abstraction on fish assemblages in Mediterranean streams.
Freshw. Biol. 55, 628e642.
Bernal, D., Carlson, J., Goldman, K., Lowe, C., 2012. Energetics, metabolism, and endothermy in sharks and rays. In: Carrier, J.C., Musick, J.A., Heithaus, M.R.
(Eds.), Biology of Sharks and Their Relatives, second ed. CRC Press, Boca Raton, pp. 211e237.
Bird, C.S., et al., 2018. A global perspective on the trophic geography of sharks. Nat. Ecol. Evol. 2, 299e305.
Block, B.A., et al., 2011. Tracking apex marine predator movements in a dynamic ocean. Nature 475, 86e90. https://doi.org/10.1038/nature10082%5Cnhttp://
www.nature.com/doifinder/10.1038/nature10082. Nature Publishing Group. Available from:
Boerder, K., Schiller, L., Worm, B., 2019. Not all who wander are lost: improving spatial protection for large pelagic fishes. Mar. Policy 105, 80e90.
Burnham, K.P., Anderson, D.R., Huyvaert, K.P., 2011. AIC model selection and multimodel inference in behavioral ecology: some background, observations,
and comparisons. Behav. Ecol. Sociobiol. 65, 23e35.
Butler, A.J., Rees, T., Beesley, P., Bax, N.J., 2010. Marine biodiversity in the Australian region. PLoS One 5.
Buxton, C.D., Cochrane, P., 2016. Commonwealth Marine Reserves Review: Report of the Bioregional Advisory Panel (Canberra).
Carreon-Zapiain, M.T., Favela-Lara, S., Gonzalez-Perez, J.O., Tavares, R., Leija-Tristan, A., Mercado-Hernandez, R., Compean-Jimenez, G.A., 2018. Size, age, and
spatialetemporal distribution of shortfin mako in the Mexican Pacific ocean. Mar. Coast. Fish. 10, 402e410.
Carrier, J.C., Pratt, H.L., Castro, J.I., 2004. Biology of Sharks and Their Relatives.
Carvalho, F., Lee, H.H., Piner, K.R., Kapur, M., Clarke, S.C., 2018. Can the status of pelagic shark populations be determined using simple fishery indicators?
Biol. Conserv. 228, 195e204.
Carvalho, F.C., Murie1, D.J., Hazin, F.H.V., Hazin, H.G., Leite-Mourato, B., Burgess, G.H., 2011. Spatial predictions of blue shark (Prionace glauca) catch rate and
catch probability of juveniles in the southwest Atlantic. ICES (Int. Counc. Explor. Sea) J. Mar. Sci. 68, 890e900.
Casey, J.G., Kohler, N.E., 1992. Tagging studies on the shortfin mako shark (Isurus oxyrinchus) in the western north atlantic. Mar. Freshw. Res. 43, 45e60.
Childers, J., Snyder, S., Kohin, S., 2011. Migration and behavior of juvenile North Pacific albacore (Thunnus alalunga). Fish. Oceanogr. 20, 157e173.
Chin, A., Kyne, P.M., Walker, T.I., McAuley, R.B., 2010. An integrated risk assessment for climate change: analysing the vulnerability of sharks and rays on
Australia’s Great Barrier Reef. Glob. Chang. Biol. 16, 1936e1953.
Cisneros-Montemayor, A.M., Barnes-Mauthe, M., Al-Abdulrazzak, D., Navarro-Holm, E., Sumaila, U.R., 2013. Global economic value of shark ecotourism:
implications for conservation. Oryx 47, 381e388.
Coelho, R., et al., 2017. Distribution patterns and population structure of the blue shark (Prionace glauca) in the Atlantic and Indian Oceans. Fish Fish.
90e106.
Commonwealth of Australia, 2019. Marine species conservation: sharks in Australian waters. Available from: http://www.environment.gov.au/marine/
marine-species/sharks. (Accessed 30 January 2019).
Corrigan, S., et al., 2018. Population connectivity of the highly migratory shortfin mako (Isurus oxyrinchus Rafinesque 1810) and implications for man-
agement in the Southern Hemisphere. Front. Ecol. Evol. 6, 1e15.
Cortes, E., 2000. Life history patterns and correlations in sharks. Rev. Fish. Sci. 8, 299e344.
Cullen, J.J., 1992. The deep chlorophyll maximum : comparing vertical profiles of chlorophyll a. Can. J. Fish. Aquat. Sci. 39, 791e803.
Davidson, L.N.K., Dulvy, N.K.N., 2017. Global marine protected areas to prevent extinctions. Nat. Evol. Ecol. 1, 40. https://doi.org/10.1038/s41559-016-0040.
Macmillan Publishers Limited, part of Springer Nature. Available from:
Day, J.C., 2002. Zoning - lessons from the great barrier reef marine park. Ocean Coast Manag. 45, 139e156.
Devillers, R., Pressey, R.L., Grech, A., Kittinger, J.N., Edgar, G.J., Ward, T., Watson, R., 2015. Reinventing residual reserves in the sea: are we favouring ease of
establishment over need for protection? Aquat. Conserv. Mar. Freshw. Ecosyst. 25, 480e504.
Diggle, P.J., Ribeiro, P.J., 2007. Model-based Geostatistics. Springer-Verlag, New York.
Dudley, N. (Ed.), 2008. Guidelines for Applying Protected Area Management Categories. Gland, Switzerland.
Dulvy, N.K., et al., 2008. You can swim but you can’t hide: the global status and conservation of oceanic pelagic sharks and rays. Aquat. Conserv. Mar. Freshw.
Ecosyst. 18, 459e482.
Dulvy, N.K.N., Fowler, S.L., Musick, J.A., Cavanagh, R.D., Kyne, M., Harrison, L.R., Carlson, J.K., Davidson, L.N.K., Sonja, V., 2014. Extinction risk and conservation
of the world’s sharks and rays. eLife 1e35.
Dulvy, N.K.N., Simpfendorfer, C.A., Davidson, L.N.K., Fordham, S.V., Br€autigam, A., Sant, G., Welch, D.J., 2017. Challenges and priorities in shark and ray
conservation. Curr. Biol. 27, 565e572.
Edgar, G.J., et al., 2014. Global conservation outcomes depend on marine protected areas with five key features. Nature 506, 216e220. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/24499817.
Environmental Systems Research Institute (ESRI), 2014. ArcGIS Desktop Release 10.3 (Redlands, California).
Ferretti, F., Worm, B., Britten, G.L., Heithaus, M.R., Lotze, H.K., 2010. Patterns and ecosystem consequences of shark declines in the ocean. Ecol. Lett. 13,
1055e1071.
Fox, J., Weisberg, S., 2011. An {R} Companion to Applied Regression. Thousand Oaks, CA. Available from: http://socserv.socsci.mcmaster.ca/jfox/Books/
Companion.
Francis, M.P., Shivji, M.S., Duffy, C.A.J., Rogers, P.J., Byrne, M.E., Wetherbee, B.M., Tindale, S.C., Lyon, W.S., Meyers, M.M., 2019. Oceanic nomad or coastal
resident? Behavioural switching in the shortfin mako shark (Isurus oxyrinchus). Mar. Biol. 166, 1e16. https://doi.org/10.1007/s00227-018-3453-5.
Springer Berlin Heidelberg. Available from:
Garcia, V.B., Lucifora, L.O., Myers, R.A., 2008. The importance of habitat and life history to extinction risk in sharks, skates, rays and chimaeras. Proc. R. Soc.
Biol. Sci. 275, 83e89. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17956843.
Giakoumi, S., et al., 2018. Revisiting “success” and “failure” of marine protected areas: a conservation scientist perspective. Front. Mar. Sci. 5, 1e5.
Gibbs, M.T., 2000. Elevated chlorophyll a concentrations associated with a transient shelfbreak front in a western boundary current at Sydney, south-
eastern Australia. Mar. Freshw. Res. 51, 733e737.
Gilman, E., et al., 2008. Shark interactions in pelagic longline fisheries. Mar. Policy 32, 1e18.
Hammerschlag, N., 2006. Osmoregulation in elasmobranchs: a review for fish biologists, behaviourists and ecologists. Mar. Freshw. Behav. Physiol. 39,
209e228.
Hammerschlag, N., Williams, L., Fallows, M., Fallows, C., 2019. Disappearance of white sharks leads to the novel emergence of an allopatric apex predator,
the sevengill shark. Sci. Rep. 9, 6e11. https://doi.org/10.1038/s41598-018-37576-6. Springer US. Available from:
Heard, M., Rogers, P.J., Bruce, B.D., Humphries, N.E., Huveneers, C., 2017. Plasticity in the diel vertical movement of two pelagic predators (Prionace glauca
and Alopias vulpinus) in the southeastern Indian Ocean. Fish. Oceanogr. 27, 199e211.
Heupel, M.R., Knip, D.M., Simpfendorfer, C.A., Dulvy, N.K.N., 2014. Sizing up the ecological role of sharks as predators. Mar. Ecol. Prog. Ser. 495, 291e298.
Heupel, M.R., Simpfendorfer, C.A., Espinoza, M., Smoothey, A.F., Tobin, A., Peddemors, V., 2015. Conservation challenges of sharks with continental scale
migrations. Front. Mar. Sci. 2, 1e7. Available from: http://journal.frontiersin.org/Article/10.3389/fmars.2015.00012/abstract.
Huang, Z., Brooke, B.P., Harris, P.T., 2011. A new approach to mapping marine benthic habitats using physical environmental data. Cont. Shelf Res. 31, 3e16.
Huang, Z., Nichol, S.L., Harris, P.T., Caley, M.J., 2014. Classification of submarine canyons of the Australian continental margin. Mar. Geol. 357, 362e383.
Hueter, R.E., Tyminski, J.P., Pina-Amargos, F., Morris, J.J., Abierno, A.R., Valdes, J.A.A., Fernandez, N.L., 2018. Movements of three female silky sharks
(Carcharhinus falciformis) as tracked by satellite-linked tags off the Caribbean coast of Cuba. Bull. Mar. Sci. 94, 345e358.
C.A. Birkmanis et al. / Global Ecology and Conservation 21 (2020) e0086210Hutchinson, M., Coffey, D.M., Holland, K., Itano, D., Leroy, B., Kohin, S., Vetter, R., Williams, A.J., Wren, J., 2019. Movements and habitat use of juvenile silky
sharks in the Pacific Ocean inform conservation strategies. Fish. Res. 210, 131e142. Available from: https://wwwsciencedirectcom/science/article/pii/
S0165783618302856#fig0005.
James, G., Witten, D., Hastie, T., Tibshirani, R., 2015. An Introduction to Statistical Learning with Applications in R. Springer, New York, New York. Available
from: http://books.google.com/books?id¼9tv0taI8l6YC.
Jennings, S., Kaiser, M.J., 1998. The effects of fishing on marine ecosystems. Mar. Ecol. Prog. Ser. 213 https://doi.org/10.1016/S0065-2881(08)60212-6. Elsevier
Masson SAS. Available from:
Kerwath, S.E., Winker, H., G€otz, A., Attwood, C.G., 2013. Marine protected area improves yield without disadvantaging Fishers. Nat. Commun. 4, 1e6.
Larcombe, J., 2017. Bureau of Rural Sciences, Commercial Fisheries Presence, Australia, 2000e2002. Version 10.3. CSIRO Oceans and Atmosphere. Occur-
rence dataset. https://doi.org/10.15468/0esdv0. accessed via GBIF.org on 2017-12-06.
Larcombe, J., Charalambou, C., Herrería, E., Casey, A., Hobsbawn, P., 2006. Marine Matters National. Atlas of Australian Marine Fishing and Coastal Com-
munities (Canberra).
Last, P.R., Stevens, J.D., 2009. Sharks and Rays of Australia, second ed. CSIRO Publishing, Collingwood, Vic.
Lezama-Ochoa, N., Murua, H., Chust, G., Van Loon, E., Ruiz, J., Hall, M., Chavance, P., Delgado De Molina, A., Villarino, E., 2016. Present and future potential
habitat distribution of Carcharhinus falciformis and Canthidermis maculata by-catch species in the tropical tuna purse-seine fishery under climate
change. Front. Mar. Sci. 3. Available from: http://journal.frontiersin.org/Article/10.3389/fmars.2016.00034/abstract.
Lisney, T.J., Collin, S.P., 2007. Relative eye size in elasmobranchs. Brain Behav. Evol. 69, 266e279.
Lisney, T.J., Theiss, S.M., Collin, S.P., Hart, N.S., 2012. Vision in elasmobranchs and their relatives: 21st century advances. J. Fish Biol. 80, 2024e2054.
Martin, A.P., 2003. Phytoplankton patchiness: the role of lateral stirring and mixing. Prog. Oceanogr. 57, 125e174. Available from: http://linkinghub.elsevier.
com/retrieve/pii/S0079661103000855.
Moore, P.G., 1977. Inorganic particulate suspensions in the sea and their effects on marine animals. Oceanogr. Mar. Biol. Annu. Rev. 15, 225e363.
Moore, T.S., Matear, R.J., Marra, J., Clementson, L., 2007. Phytoplankton variability off the Western Australian Coast: mesoscale eddies and their role in cross-
shelf exchange. Deep-Sea Res. Part II Top. Stud. Oceanogr. 54, 943e960.
Mosteller, F., Tukey, J.W., 1968. Data analysis, including statistics. In: Lindzey, G., Aronson, E. (Eds.), Handbook of Social Psychology, vol. 2. Addison-Wesley,
Reading, MA.
Musyl, M.K., Brill, R.W., Curran, D.S., Fragoso, N.M., McNaughton, L.M., Nielsen, A., Kikkawa, B.S., Moyes, C.D., 2011. Postrelease survival, vertical and hor-
izontal movements, and thermal habitats of five species of pelagic sharks in the central Pacific Ocean. Fish. Bull. 109, 341e369.
Nasby-Lucas, N., et al., 2019. Movements of electronically tagged shortfin mako sharks (Isurus oxyrinchus) in the eastern North Pacific Ocean. Anim. Bio-
telem. 7.
National Oceanic and Atmospheric Administration, 2016. World ocean database. Available from: https://nodc.noaa.gov/OC5/WOD/pr_wod.html. (Accessed
12 January 2017).
Pang, P.K.T., Griffith, R.W., Atz, J.W., 1977. Osmoregulation in elasmobranchs. Integr. Comp. Biol. 17, 365e377.
Parslow, J.S., Boyd, P.W., Rintoul, S.R., Griffiths, F.B., 2001. A persistent subsurface chlorophyll maximum in the Interpolar Frontal Zone south of Australia:
seasonal progression and implications for phytoplankton-light-nutrient interactions. J. Geophys. Res.: Oceans 106, 31543e31557.
Pepperell, J.G., 1992. Trends in the distribution, species composition and size of sharks caught by gamefish anglers off south-eastern Australia, 1961-90. Mar.
Freshw. Res. 43, 213e225.
Pillans, R.D., Stevens, J.D., Kyne, P.M., Salini, J., 2010. Observations on the distribution, biology, short-term movements and habitat requirements of river
sharks Glyphis spp. in northern Australia. Endanger. Species Res. 10, 321e332.
Queiroz, N., et al., 2019. Global spatial risk assessment of sharks under the footprint of fisheries. Nature 572, 461e466.
Queiroz, N., Humphries, N.E., Mucientes, G., Hammerschlag, N., Lima, F.P., Scales, K.L., Miller, P.I., Sousa, L.L., Seabra, R., Sims, D.W., 2016. Ocean-wide tracking
of pelagic sharks reveals extent of overlap with longline fishing hotspots. Proc. Natl. Acad. Sci. 113, 1582e1587. Available from: http://www.pnas.org/
lookup/doi/10.1073/pnas.1510090113.
R Core Team, 2017. R: A Language and Environment for Statistical Computing. Foundation for Statistical Computing, Vienna, Austria. Available from: https://
www.r-project.org/.
Roberts, J.J., Best, B.D., Dunn, D.C., Treml, E.A., Halpin, P.N., 2010. Marine geospatial ecology tools: an integrated framework for ecological geoprocessing with
ArcGIS, Python, R, MATLAB, and Cþþ. Environ. Model. Softw 25, 1197e1207. https://doi.org/10.1016/j.envsoft.2010.03.029. Elsevier Ltd. Available from:
Roberts, K.E., Valkan, R.S., Cook, C.N., 2018. Measuring progress in marine protection: a new set of metrics to evaluate the strength of marine protected area
networks. Biol. Conserv. 219, 20e27. https://doi.org/10.1016/j.biocon.2018.01.004. Elsevier. Available from:
Roff, G., Doropoulos, C., Rogers, A., Bozec, Y.-M., Krueck, N.C., Aurellado, E., Priest, M., Birrell, C., Mumby, P.J., 2016. The ecological role of sharks on coral reefs.
Trends Ecol. Evol. 31, 395e407. Elsevier Ltd. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0169534716000598.
Rogers, P.J., Huveneers, C., Page, B., Goldsworthy, S., 2009. Movement Patterns of Pelagic Sharks in the Southern and Indian Oceans: Determining Critical
Habitats and Migration Paths. SARDI Publication Number F2009/000167-1, Adelaide.
Rogers, P.J., Huveneers, C., Page, B., Goldsworthy, S.D., Coyne, M., Lowther, A.D., Mitchell, J.G., Seuront, L., 2015. Living on the continental shelf edge: habitat
use of juvenile shortfin makos Isurus oxyrinchus in the Great Australian Bight, southern Australia. Fish. Oceanogr. 24, 205e218.
Sbrocco, E.J., 2013. Marspec. Available from: http://www.marspec.org/. (Accessed 14 January 2017).
Schlaff, A.M., Heupel, M.R., Simpfendorfer, C.A., 2014. Influence of environmental factors on shark and ray movement, behaviour and habitat use: a review.
Rev. Fish Biol. Fish. 1089e1103.
Simpfendorfer, C.A., McAuley, R.B., Chidlow, J., Unsworth, P., 2002. Validated age and growth of the dusky shark, Carcharhinus obscurus, from Western
Australian waters. Mar. Freshw. Res. 53, 567e573.
Sims, D.W., Mucientes, G., Queiroz, N., 2018. Shortfin mako sharks threatened by inaction. Science 359, 1342.
Stevens, J.D., Bradford, R.W., West, G.J., 2010. Satellite tagging of blue sharks (Prionace glauca) and other pelagic sharks off eastern Australia: depth
behaviour, temperature experience and movements. Mar. Biol. 157, 575e591. Available from: http://link.springer.com/10.1007/s00227-009-1343-6.
(Accessed 20 January 2014).
Tille, Y., Matei, A., 2016. Sampling: Survey Sampling. R Package Version 2.8. Available from: https://cran.r-project.org/package¼sampling.
Tolotti, M.T., Bach, P., Hazin, F., Travassos, P., Dagorn, L., 2015. Vulnerability of the oceanic whitetip shark to pelagic longline fisheries. PLoS One 10, e0141396.
Available from: http://dx.plos.org/10.1371/journal.pone.0141396.
Wintner, S.P., Kerwath, S.E., 2018. Cold fins, murky waters and the moon: what affects shark catches in the bather-protection program of KwaZulu-Natal,
South Africa? Mar. Freshw. Res. 69, 167e177.
Woodhams, J., Harte, C., 2018. Shark Assessment Report 2018. Canberra. Available from: https://agriculture.gov.au/publications.
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